A method is presented for the electric-field-directed self-assembly of higher-order structures composed of alternating layers of biotin nanoparticles and streptavidin-/avidin-conjugated enzymes carried out on a microelectrode array device. Enzymes included in the study were glucose oxidase (GOx), horseradish peroxidase (HRP), and alkaline phosphatase (AP); all of which could be used to form a light-emitting microscale glucose sensor. Directed assembly included fabricating multilayer structures with 200 nm or 40 nm GOx-avidin-biotin nanoparticles, with AP-streptavidin-biotin nanoparticles, and with HRP-streptavidinbiotin nanoparticles. Multilayered structures were also fabricated with alternate layering of HRP-streptavidin-biotin nanoparticles and GOx-avidin-biotin nanoparticles. Results showed that enzymatic activity was retained after the assembly process, indicating that substrates could still diffuse into the structures and that the electric-field-based fabrication process itself did not cause any significant loss of enzyme activity. These methods provide a solution to overcome the cumbersome passive layer-by-layer assembly methods to efficiently fabricate higher-order active biological and chemical hybrid structures that can be useful for creating novel biosensors and drug delivery nanostructures, as well as for diagnostic applications.
Introduction
With recent advances in the assembly of nanoparticles (NPs) into higher-order structures and components, the ability to incorporate biologically active molecules has become more important [1, 2] . Considerable research efforts are now directed towards the fabrication and integration of biologically active molecules into NP structures that could be used in drug delivery, biological and chemical sensors, and diagnostics. In most cases, these higher-order structures are fabricated with passive layer-by-layer (LBL) techniques to self-assemble the molecules into organized structures through specific interactions including covalent binding, gold-thiol interactions, electrostatic interactions, and protein-ligand binding [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, passive processes are concentration dependent and these methods require complex processes and long incubation times in high concentration solutions of molecules. Moreover, in order to direct the assembly onto specific sites, blocking agents or physical patterning such as lithography is necessary [12] . To circumvent these issues, active processes have been developed, including DC electrophoretic deposition and magnetic-field-assisted deposition [13] [14] [15] [16] [17] [18] . Also, work has been carried out on the use of AC dielectrophoretic techniques to manipulate NPs [19] [20] [21] . The application of electric fields allows for rapid, site-directed concentration of macromolecules, polymers, and NPs to enhance the selfassembly process. Such methods have been employed to produce colloidal aggregates as well as pattern NPs atop electrode surfaces [17, [22] [23] [24] [25] [26] [27] [28] [29] . In addition, nonspecific binding and high background, which play a crucial role in the incorporation and detection of biological molecules, can be reduced with electrode patterns which direct the molecules toward the active site where deposition is preferred and away from nonactive regions. More recently, the method of electrophoretic deposition has been applied to biological components. This powerful tool has enabled devices to be made which utilize the electric fields to enhance DNA 2 Journal of Biomedicine and Biotechnology hybridization, to form protein layers for biosensors, and to pattern cells [30] [31] [32] [33] [34] [35] [36] . Recently we have shown the ability to construct higher-order NP structures by electric-fielddirected self-assembly through the specific interactions of complementary DNA sequences as well as through proteinmolecule interactions (Figures 1(a) and 1(b) ) [14, 37, 38] . We now present the ability to integrate active enzymes into these NP structures by directed electrophoretic means (Figure 1(c) ), thus providing a new bottom-up fabrication method for patterning and constructing structures from NPs in a rapid and combinatorial fashion atop a microarray.
Materials and Methods

CMOS Microarray
Setup. An ACV 400 CMOS electronic microarray (Nanogen, Inc.), shown in Figure 2 , which consists of 400 individually controllable 55 µm-diameter platinum electrodes was used for all layer assembly experiments. The microarray chip is overcoated by the manufacturer with a streptavidin-embedded polyacrylamide hydrogel which serves as a permeation layer. The device was computer controlled using ACV400 software. The software allowed each electrode to be configured to independently source 0 to 5 V or 0 to 1 µA per electrode, with each electrode on the array capable of being independently biased.
Chip Preparation.
To prepare the chip surface as depicted in the cross-section in Figure 2 , the microarray chip was first washed by pipetting 20 µL deionized water (dH 2 O, Millipore, 18 MΩ) onto and off the chip a total of 10 times. Subsequently, 20 µL of a 2 µM biotin-dextran (Sigma) solution in dH 2 O was pipetted onto the chip and allowed to incubate for 30 minutes at room temperature. The chip was then washed again with dH 2 O, followed by incubation with 20 µL of a 1 mg/mL solution of streptavidin (Sigma) in dH 2 O for 30 minutes at room temperature. Finally, the chip was washed with 100 mM L-histidine buffer and kept moist prior to use.
Preparation of NPs and Enzymes.
Yellow-green fluorescent biotin-coated NPs, 200 nm and 40 nm in diameter (Molecular Probes, ex505, em515), were diluted to 0.01% (38 pM for 200 nm NPs and 4.7 nM for 40 nm NPs) in 100 mM L-histidine buffer. This suspension was vortexed and sonicated in a water bath for 15 minutes just prior to use to break up any aggregates. Additionally, glucose oxidase-avidin (GOx-avidin, Rockland) was diluted to 30 nM, streptavidinalkaline phosphatase (streptavidin-AP, Sigma) was diluted to 40 nM, and streptavidin-peroxidase (streptavidin-HRP, Sigma) was diluted to 95 nM in 100 mM L-histidine buffer just prior to use.
DC Electric-Field-Directed Assembly of Streptavidin/ Avidin Enzymes and Biotin
NPs. NP and enzyme addressing conditions are derived from previous work [14] . In brief, 20 µL of the 200 nm biotin NP solution or enzyme solution was pipetted onto the chip. The selected electrodes were biased positive and activated with a constant DC current of 0.25 µA for 15 seconds to concentrate and assemble the particles or enzymes atop the activated electrodes. The solution was then removed and the chip washed with 20 µL of L-histidine buffer a total of three times. Assembly of the layer structures was achieved by alternating the addressing of biotin NPs with streptavidin/avidin enzymes. Every structure was capped with a final layer of biotin NPs. Different layer structures include layers of biotin NPs and GOx-avidin, layers of biotin NPs and streptavidin-AP, layers of biotin NPs and streptavidin-HRP, and layers of biotin NPs with alternate GOx-avidin and streptavidin-HRP to produce bienzyme structures. Identical conditions were employed to assemble layers of 40 nm biotin NPs with streptavidin-AP.
Monitoring of Layer Assembly by Fluorescence and ImageJ
Calculations. Monitoring of layer growth was done by realtime imaging on an epifluorescent Leica microscope, with a Hamamatsu Orca-ER CCD using a custom LabVIEW interface. Images were acquired throughout the layering process and processed in ImageJ. For analysis, each image had its background subtracted with a rolling ball radius of 50. The image was then inverted and threshold fixed using the IsoData threshold. Manual adjustments were made to include as many electrodes as possible. A corresponding mask was generated to ensure each measured electrode area was identical. Raw integrated density values for each electrode were then acquired by mapping the data in the original image to the generated mask image.
Verification of Enzyme Activity via X-Ray Film.
The verification of enzyme activity was performed on chips composed of alternate layers of 200 nm biotin NPs with either GOx-avidin or streptavidin-AP as the enzyme layers. All 400 electrodes on the array were activated to maximize the total number of fabrication sites for the layer structures. For the structures assembled with GOx-avidin, a reaction solution consisting of 227 mM glucose (Sigma), 8.4 mM luminol (Fluka), and 0.1 mg/mL peroxidase (Sigma) in 0.035 M TrisHCl (pH 8.4) was prepared. The chips were washed with 100 mM L-histidine buffer and then with 0.1 M Tris-HCl (pH 8.0). Subsequently, 15 µL of the reaction solution was pipetted onto the chip surface. For chips with layer structures assembled using streptavidin-AP, the chips were washed with 100 mM L-histidine buffer and then 15 µL of CDP-star chemiluminescent reagent (Sigma) was dispensed onto the chips.
The chips were then wrapped in plastic wrap to prevent solution loss and placed into a cassette with X-ray film (Denville Scientific) for overnight exposure. The film was developed in a Hope MicroMax developer, scanned, and analyzed using ImageJ. The relative intensity from each chip was normalized to a chip that did not undergo layer assembly which was cleaned, prepared with the appropriate reaction solution, and exposed overnight as well.
Environmental Scanning Electron Microscopy (ESEM) of the Enzyme-NP Layers.
After assembly of the enzyme-NP layers, the chip was washed multiple times with 100 mM Journal of Biomedicine and Biotechnology L-histidine buffer and then all solution was removed from the surface to allow the chip to dry. Chips were then coated with either 40 nm of gold sputtered via a Denton Discovery 18 sputter system or 40 nm of chromium via Denton IV desktop sputter coater. Fractures were introduced into the structures by careful cutting with a razor blade. Images were then acquired on a Phillips XL30 ESEM using a 10 kV beam in high vacuum mode.
Results and Discussion
Assembly of Enzyme-NP Layers and Verification of Proper
Layer Formation. The assembly of NP layers was monitored by epifluorescence imaging; however, because only the biotin NPs are fluorescent, it was first important to verify that the NP-enzyme layers were forming as proposed by alternate layering of enzymes and NPs, as opposed to formation due to nonspecific interactions of the biotin NPs to themselves. This was done by organizing the electrodes into three specific regions, as shown in Figure 3(a) . Region A consisted of microelectrodes which were never activated. This section served as a negative control to measure the amount of passive binding to the chip surface that would occur simply due to the presence of NPs and enzyme during alternate addressing steps. Region B consisted of microelectrodes only activated when the biotin NPs were addressed. This region served to measure the amount of non-specific binding of the NPs to themselves. Additionally, it served to show the amount of passive assembly that could occur if no enzyme was actively addressed to these microelectrode sites. Finally, region C consisted of microelectrodes which were activated during all addressing steps of NPs and enzymes. Microelectrodes in this region were expected to have proper formation of enzyme-NP layers. The results in Figures 3(a) and 3(b) indicate that the microelectrodes in region A have a fluorescent signal near that of the background, which is the surface of the chip between the electrodes, thus indicating that a very low number of fluorescent biotin NPs passively bound to the streptavidin surface at these sites. Microelectrodes in region B, which were only activated when biotin NPs were addressed, have a low level fluorescent signal and the microelectrodes in region C, which were activated when both NPs and GOx-avidin were addressed, have a high level fluorescent intensity indicating that multiple layers of NPs formed in region C. Comparison of fluorescence intensities between the three regions suggests that in order to construct higher-order structures both NPs and enzymes must be addressed to the same site, as in region C. If only biotin NPs are addressed, as in region B, the NPs will not bind to one another and no higher-order structures are formed; therefore, there is only low fluorescence intensity from the first layer of biotin NPs assembled onto the streptavidin chip surface. These results were verified with all three enzyme types and with both 200 nm and 40 nm NPs.
To corroborate with the fluorescence data, Figure 4 shows environmental scanning electron microscopy (ESEM) images of three microelectrode sites; one each for region A, B, and C after addressing 31 total layers of 200 nm biotin NPs and streptavidin-AP as well as 21 layers of 40 nm biotin NPs and streptavidin-AP on separate microarray chips. The microelectrodes from region A show only a small number of passively attached biotin NPs. The electrodes from region B show nearly a complete monolayer of biotin NPs, despite being exposed to 16 total addressing steps of biotin NPs. This demonstrates that there is little non-specific binding of the biotin particles to themselves; so despite the electric field directing additional NPs onto the first layer of NPs, they do not stick and are removed during the wash steps. The electrode from region C shows a high number of NPs assembled atop each other. Thus, active directed concentration of both the streptavidin/avidin enzyme and biotin NPs is necessary to assemble the higher-order structures and the layer assembly process does indeed proceed as designed. Additionally, the lack of particles on region A's microelectrodes further verifies that electric-field-directed assembly is efficient and can overcome the diffusion-limited process of passive LBL assembly. Each assembly step only required 15 seconds with NP and enzyme concentrations in the pM and nM range. At these time scales and NP and enzyme concentrations, no layers could be formed passively on the region A microelectrodes. These results show that the electric field directed assembly technology is easily scalable to NPs of various sizes. This allows for tuning of the porosity of the final structures which may help control the (enzyme) substrate turnover and reaction kinetics, both of which would play crucial roles in biosensor devices. For drug delivery particles, the porosity will play a paramount role in the drug release profile. Moreover, we believe that integration of various types of NPs with different biomolecules would also be achievable as long as the proper binding elements are in place. Using multiple sized NPs would enable multiple porosities through the structure which may be needed to optimize reaction rates in multienzyme structures. Particles such as quantum dots could be incorporated to enhance detection. Moreover, using other biomolecules such as antibodies or DNA would allow the creation of a wide array of biosensors.
Monitoring NP Layer Assembly and Quality of Layers.
Real-time layer assembly was monitored by visualizing increasing fluorescence intensity atop the microelectrode sites. Figure 5 shows a plot of the mean integrated density of fluorescence per microelectrode for microelectrodes in regions B and C of a microarray after 9, 19, 29, 39, and 47 total layers of 200 nm biotin NPs with alternate addressing of both GOx-avidin and streptavidin-HRP. From the plot, it is evident that the fluorescence for microelectrodes in region B, microelectrodes activated only when biotin NPs were addressed, maintains roughly the same fluorescence intensity throughout the layering experiments. These results further substantiate the results in Figures 3 and 4 that without active electric-field-directed assembly of streptavidin/avidinconjugated enzymes onto the biotin NPs there is no further layer assembly. Additionally, these results verify that multiple types of enzymes can be incorporated into the same structure as long as they are properly functionalized. In this case, there is a streptavidin-functionalized HRP and an avidinfunctionalized GOx, both of which can bind to the biotin on the NPs and facilitate layer formation. The plot shows a trend of increasing mean fluorescence for microelectrodes in region C as the total number of layers increases. This is what is expected because as the number of layers increases there are more total fluorescent NPs on each microelectrode. The plot in Figure 5 , however, does have quite a large amount of variability, which could be attributed to many factors. One factor could be the stoichiometry of the streptavidin conjugation to the enzyme. Streptavidin-HRP was conjugated at a 1 : 1 ratio and streptavidin-AP at a 2 : 1 ratio according to the manufacturer's specifications. Streptavidin-AP thus has 4 more available biotin binding sites per enzyme molecule. This increased availability of binding sites makes attachment to biotin NPs more robust and can lead to an increased quality of uniformity of NP layers. Thus, to enhance binding, enzymes can be conjugated with a higher ratio of streptavidin/avidin per enzyme. In addition, as the number of layers increases the stresses on the layer structure increase and the structure could shear or break apart more easily during washes. It is sometimes seen that atop a specific microelectrode the fluorescence intensity would suddenly decrease and this effect was believed to be due to layer fracture and particle loss. Again, a higher stoichiometry of streptavidin to protein would increase the binding interactions between layers and help to prevent structure fracture and NP loss. Finally, another factor could be attributed to nonuniformity in the electric field across the microarray chip or even across an individual microelectrode. This would also lead to variations in NP and enzyme assembly.
ESEM images, as seen in Figure 6 , obtained at the edge of introduced fractures reveal the layering of the NPs atop the hydrogel layer. From these micrographs, it is evident that the assembled structures have variability in surface topography making it difficult to clearly distinguish one layer from the next. This is mostly attributed to the particle packing orientation as each additional layer of NPs packs onto the layer below. Additionally, this could be due to NP loss during the introduction of a fracture, during the sputtering of the metal overlayer for ESEM imaging, or even during the imaging process itself. In addition, there may be loss during washes and variations in binding across the electrode during the assembly process.
Retention of Enzyme Activity.
Retention of enzyme activity after layer assembly was evaluated by incubating the microarray chips with the appropriate chemiluminescent substrate and then exposing the chips to X-ray film. The results of the scanned and analyzed X-ray film detection of the enzyme-NP layers are shown in Figure 7 . Data was collected from chips layered with 200 nm biotin NPs and GOx-avidin with 0, 11, 21, and 31 total layers as well as chips layered with 200 nm biotin NPs and streptavidin-AP at 0, 11, and 31 layers. The results show increasing activity detected with increasing numbers of layers. This trend is seen with both types of enzymes, and this indicates that the total enzyme activity can be tuned simply by altering the number of enzyme layers incorporated into each structure. Similar results could not be obtained from bi-enzyme structures, consisting of both GOx-avidin and streptavidin-HRP, as illustrated in Figure 8 . This may be due to a number of reasons including poor reagent and substrate quality, poor layer quality, poor structure porosity, insufficient enzyme incorporation into the layers, and a poor detection scheme. A bi-enzyme structure requires optimization due to the coupling of multiple reaction steps. If any one of the reactions is inefficient, then the overall signal may not be detectable. In addition, the products from the first reaction must be able to effectively diffuse to the second set of enzymes; thus, the enzyme layering order may be of importance. Additionally, an important aspect of producing active NP layers is the ability to sensitively detect their activity. The X-ray film used in the detection method verified in proof of principle that the biological activity of the molecules could be retained after assembly. More sensitive methods, including amperometric detection or highly sensitive imaging, beyond the capabilities of the microelectronic array and imaging system we had available, would allow for a better detection scheme to monitor total activity for each fabricated structure. Nonetheless, the presence of a measurable enzyme activity from the single enzyme structures verifies that the application of an electric field is not only efficient for structure assembly but also gentle enough to preserve the functionality of the enzymes.
Altogether the results showing enzyme-nanoparticle layer assembly and enzyme activity retention demonstrate an efficient and effective method of fabricating biological or chemical sensors. Site-specific layer assembly, demonstrated in this study as well as previous studies, means that multiple types of enzyme-nanoparticle structures can be fabricated on each chip in a combinatorial manner [37] . Additionally, various types of enzymes, proteins, or other biomolecules could be used in conjunction with a wide array of particle types as long as they have complementary binding mechanisms, such as the biotin-streptavidin scheme used here. This would allow for production of high-density microarray sensors capable of analyzing hundreds of analytes at a time.
Conclusion
We have successfully demonstrated the ability to fabricate higher-order enzyme-NP structures by electric-fielddirected self-assembly. Through the application of electricfield-directed assembly, alternating layers of 200 nm or 40 nm biotin NPs and streptavidin/avidin enzymes have been assembled up to 47 layers. These structures included multilayer structures with 200 nm or 40 nm GOx-avidinbiotin NPs, with AP-streptavidin-biotin NPs, and with HRP-streptavidin-biotin NPs. The electrophoretic assembly method atop a microelectronic array allows for site-specific fabrication from low concentration solutions of enzymes and NPs. The concentration effect due to the electrophoretic deposition results in rapid layer assembly with minimal passive non-specific binding on inactive sites across the chip. Moreover, the enzymatic activity of the biological molecules was preserved in the assembled structures. In addition, we have assembled structures consisting of multiple enzyme types, GOx-avidin and streptavidin-HRP, which demonstrates the potential of multilevel reactions or detection schemes, including chemiluminescence and bioluminescence. This method of fabrication now provides an efficient mechanism of creating biologically and chemically active NP structures from individual components much more efficiently than traditional passive layer-by-layer methods. Assembly of these structures in a combinatorial manner to specific sites on the chip, using a wide array of biomolecules (proteins and DNA) and nanoparticles, would allow for fabrication of high-density microarray sensors for highthroughput analysis. The ability to incorporate multiple types of molecules along with the potential of liftoff, which enables the detachment of these structures from the surface, renders them more versatile as dispersible biosensors, diagnostic tools, and drug delivery vehicles.
